Introduction {#s0001}
============

T cells are crucial mediators of anticancer immunity and well-established *in vitro* and *in vivo* experiments proved their ability to destroy tumor cells.[@cit0001] The presence of circulating, tumor-infiltrating lymphocytes in cancer patients is linked to improved survival.[@cit0003] Monoclonal antibodies counteracting T cell suppression by inhibiting CTLA-4 (Ipilimumab) and PD-1 (Pembrolizumab) signaling, provoke unprecedented response rates in metastatic melanoma patients.[@cit0005] Interestingly, in these, as well as in previous immunotherapeutic strategies aiming at the induction of cancer-specific T cell responses, a subset of patients experienced remarkably long lasting responses, suggesting a link between T cell activation and long-term tumor control.[@cit0007]

To improve clinical efficacy of cancer immunotherapies, and our understanding of the mechanisms underlying favorable responses, it is essential to find biomarkers that distinguish responders from non-responders. Recent studies in the field of HIV highlight T cell functionality as an important indicator for an effective immune response, as T cell lymphocytes that simultaneously expressed more than three effector functions correlated with disease control.[@cit0009] Recent studies also report on the presence of polyfunctional T cells in melanoma patients and show that adoptively transferred T cells can maintain a multifunctional phenotype.[@cit0011] Little, however, is known about the *in vivo* induction of multifunctional T cells by immunotherapeutic intervention, their persistence and their impact on tumor control and survival.

To date, various T cell functions have been considered important for long-term tumor control. Whereas cytotoxicity is necessary for the induction of apoptosis -- a hallmark of anticancer immunity -- secretion of proinflammatory cytokines, such as TNFα, CCL4 and IFNγ, were shown to play an important role as well.[@cit0001] Tumor cells treated with IFNγ upregulate antigen processing and presentation pathways leading to increased immunogenicity and IFNγ signaling during priming of T cells polarizes responses toward the favorable T~H~1 type.[@cit0013] Combined with TNFα, IFNγ is able to induce permanent senescence in cancer cells.[@cit0014] CCL4, induces the secretion of IL-12 by dendritic cells (DCs), and together with TNFα, enhances the recruitment of DC precursors to peripheral tissues.[@cit0016] Finally, IL-2 allows cytotoxic CD8^+^ T cell lymphocytes to expand independently from CD4^+^ helper T cells and enhances NK cell activity.[@cit0015]

In this study we retrospectively analyzed the tumor-specific CD8^+^ T cell responses in peripheral blood from metastatic melanoma patients enrolled in ongoing dendritic cell vaccination trials. Patients were followed during the course of their disease and functional CD8^+^ T cell responses were assessed using a flow cytometry-based assay to simultaneously measure the production of the proinflammatory cytokines IFNγ, TNFα, CCL4, as well as IL-2, and the expression of CD107a as surrogate marker for cytotoxicity.

Our findings show that metastatic melanoma patients can harbor naturally-induced, tumor-specific multifunctional T cells, that dendritic cell based vaccination enhances the functionality of these cells and that induced responses can last for several years. Finally, in our patient cohort highly multifunctional T cell responses seem to preferentially appear in patients with prolonged survival.

Results {#s0002}
=======

Study design and patient characteristics {#s0002-0001}
----------------------------------------

The primary aim of this retrospective study was to explore the functional composition of the tumor-specific CD8^+^ T cell responses in late-stage melanoma patients and to investigate the presence of multifunctional T cells. For this purposes we identified a set of 19 melanoma patients that previously displayed tumor-specific CD8^+^ T cell responses in blood or skin after DC vaccination at the Radboud university medical centre ([Table 1](#t0001){ref-type="table"}). As only few patients develop detectable tumor-specific CD8^+^ T cell responses during the therapy, the cohort was rather limited and due to the retrospective nature of the study sample availability was suboptimal. Patients were vaccinated in our institute from 1999 to 2013 according to various protocols using autologous, antigen-loaded DCs (Table S1 for protocol details). In short, patients were injected with *ex-vivo* generated, mature DCs, loaded with peptides derived from the gp100- or tyrosinase-proteins. Patients were injected three times per vaccination cycle. After vaccination, the induction of antigen-specific T cell responses was assessed using both a DTH-skin test and a tetramer-staining assay for peripheral blood T cells. Of 19 patients tested in this study, six did not display detectable, functional T cell responses and are therefore excluded from analysis of functionality. In some patients we observed a disparity between the detection of responding tetramer-positive CD8^+^ T cells in peripheral blood as assessed by routine immunomonitoring during the original clinical trials ([Table 1](#t0001){ref-type="table"}). This could be based on different TCR affinities necessary to trigger an effector response or to strongly bind a tetramer as described by several studies.[@cit0017] Overall survival of included patients ranged from 5 to 179 mo and the median survival time in this cohort of long-term and intermediate tumor controllers was 29 mo. Table 1.Patient characteristics. Daclizumab (0.5 mg/kg) was administered 4 or 8 d before the first DC vaccination to deplete regulatory T cells. DTH -- Delayed-type hypersensitivity reaction induced by injection of antigen-loaded dendritic cells. Skin-test infiltrating lymphocytes were analyzed for antigen-specificity and functionality [@cit0040] -- no specific T cells found, + tetramer-specific T cells, +++ functional, specific T cells. TT -- Targeted therapy with BRAF inhibitor. I -- Immunotherapy with anti-CTLA4 antibodies. RT -- Radiotherapy. TMZ -- Chemotherapy with Temozolomide.       Tumor-specific CD8^+^ T cells    PatientAgeSexStage at baselineAJCC stageSites of diseaseSystemic pretreatmentPre BloodPost bloodPost DTHFunctional response blood^4^PFSOSResponseSalvage treatmentI-B-0431fM1cIVLiver- NA++++162+162+CRNoneI-C-04^a^66mM1aIVLN- +++++1343SDNoneI-C-0933fM1aIVLN- -++++139180+SD^1^SurgeryII-E-08^a^56mN3IIIcLN-++++++951NEDDTICIII-A-04^a^28fM1cIVLN, retroperitonealDaclizumab 4 +-+\<413PDUnknownIII-A-0668fM1cIVLung, LN, skinDaclizumab 4 -+-525PDDTICIII-A-0725mM1cIVLiver, lung, LN, skinDaclizumab 4 -+-\<47PDDTICIII-B-0153fM1bIVLung, LN, skinDaclizumab 8 -+-\<410PDDTICIV-A-01^a^69mM1aIVLN, skinDTIC +++++39128MRSurgery, IIV-C-05^a^31fM1cIVLung, skin, breast\--+++1690+SD^2^SurgeryIV-C-12^a^38fN1bIIIbLN-++++++816NEDDTICIV-D-03^a^42fM1cIVLiver, lungDTIC-+-+626SDTMZIV-D-06^a^61fM1aIVLN-++++++1524SDNoneVI-B-01^a^58mM1aIVSkin^3^\--+++++1822SDSurgery, TTVI-B-0348fM1aIVLN\-\-\-\--740SDTT, IVI-B-0854fM1cIVSkin, muscle, intestine-++++++1529MRI, RT, TT, SurgeryVI-B-1066fM1cIVLung, skin, mesentery\-\-\-\--\<432+PDTT, IVI-B-1148mM1cIVLung, mesentery, intestine-++\--\<46PDNoneVI-B-1346mM1bIVLN, lung\--+++++29+29+CRNone[^4][^5][^6][^7][^8]

Few multifunctional, tumor-specific CD8^+^ T cells are detected in metastatic melanoma patients {#s0002-0002}
-----------------------------------------------------------------------------------------------

To standardize monitoring, we based our initial analysis on the period after one cycle of dendritic cell vaccination, thus 1 to 8 mo after apheresis, where samples were available for all patients ([Fig. 1](#f0001){ref-type="fig"}). Functionality of tumor-specific CD8^+^ T cells was assessed by measuring the simultaneous expression of IFNγ, TNFα, CCL4, IL-2 and CD107a upon antigenic stimulation using a flow cytometry-based assay ([Fig. 2A](#f0002){ref-type="fig"}). As tetramer-staining diminished upon stimulation with specific peptide or SEB in most tested samples and remaining tetramer-positive T cells were skewed in some cases toward a highly multifunctional phenotype we gated on the total CD8^+^ T cell population for further analysis (Fig. S1). [Fig. 2](#f0002){ref-type="fig"} displays the results of a representative response showing the expression of the functional markers by CD8^+^ T cells when stimulated with the specific peptide. To analyze the complexity of the detected T cell response we employed a Boolean gating algorithm that revealed the functional response patterns as represented by the 31 possible combinatorial phenotypes ([Fig. 2B](#f0002){ref-type="fig"}). All samples were background-subtracted using the CD28/CD49d control. Figure 1.Overview of the DC vaccination therapy treatment schedule. Melanoma patients underwent leukapharesis at the beginning of each vaccination cycle. The leukapharesis samples of the first DC vaccination cycle are referred to as "before vaccination" samples. After the first cycle of three biweekly DC injections, blood was drawn at several time points. These samples are referred to as "after one cycle of DC vaccination" samples. If the patient showed no progressive disease, he/she was qualified for a second and third cycle of DC vaccination. Blood drawn within 8 mo after the third cycle of DC vaccination therapy are referred to as "after three cycles of DC vaccination". Samples drawn after this time point are referred to as "follow-up". Figure 2.Gating strategy to measure the functional CD8^+^ T cell response using flow cytometry and response pattern. CD8^+^ T cells were stimulated as described using αCD28/αCD49-coated beads with or without specific peptide (unstimulated, stimulated) and the expression of IFNγ, TNFα, CCL4, IL-2 and CD107a was measured. (A) Shown is the gating strategy for one representative sample. Expression of functional markers was determined using single gates. (B) Stimulated samples were background-subtracted using the unstimulated control and functional combinations were computed using the Boolean gating algorithm included in FlowJo. Displayed is the frequency of CD8^+^ T cells showing each of the 31 possible functional patterns. Non-responding cells are not shown.

After one cycle of DC vaccination, the frequency of tumor-specific, responding CD8^+^ T cells was low in most tested individuals. Nevertheless, several patients showed strong responses against various vaccination antigens with up to 5% responding cells ([Fig. 3A](#f0003){ref-type="fig"}). In total, functional CD8^+^ T cell responses were detected in 10 of 19 patients after one cycle of DC vaccination and CD8^+^ T cells expressing CD107a clearly dominated the immune response against all tested antigens ([Fig. 3B](#f0003){ref-type="fig"}). Expression of TNFα was measured in ca. twenty percent of responding cells and high fractions of CCL4 expressing cells were found within the tyrosinase-specific responses. In contrast, IFNγ expression contributed only marginally to most detected T cell responses. Likewise, only few CD8^+^ T cells expressed IL-2 possibly indicating a predominance of effector memory T cells.[@cit0015] Interestingly, none of the measured markers was consistently expressed by all CD8^+^ T cells emphasizing the importance of measuring several effector functions to assess anticancer immune responses comprehensively. Figure 3.Few tumor-specific, multifunctional CD8^+^ T cells were detected in melanoma patients after one cycle of DC vaccination. (A) Responding CD8^+^ T cells were detected for all tested peptides. Most responses did however not reach the detection threshold of 0.2% responding cells. (Red dotted line) (B) The relative contribution of each functional marker to the total response was measured. Most tumor-specific CD8^+^ T cells expressed CD107a. Only few cells expressed IL-2. Lines indicate the median. (C) and (D) Normalized distribution of functional T cell response patterns. Combinational analysis of expressed markers revealed small fractions of highly functional CD8^+^ T cells in a number of patients; most responding cells, however, were monofunctional. SEB-specific CD8^+^ T cells in contrast show high fractions of T cells with three and more functions and are mainly multifunctional. Gray bars depict the interquartile range.

Next we analyzed the functionality of the detected tumor-specific CD8^+^ T cells. Comparing responses between different individuals required normalization. For this purpose, the total frequency of responding CD8^+^ T cells was set to 100% and the contribution of each functional pattern was displayed as fraction of the total response. gp100:280-specific CD8^+^ T cells appeared to be mainly monofunctional as sole expression of CD107a was the most prevalent response pattern ([Fig. 3C](#f0003){ref-type="fig"}). Nevertheless, a subgroup of patients consistently harbored CD8^+^ T cells co-expressing three or more functional markers (multifunctional T cells). The combinatorial expression of all five functional markers, in contrast, was not observed. Interestingly, gp100:280-specific CD8^+^ T cells acquired only a limited set of functional response patterns of which the most predominant functional phenotypes consisted of CD8^+^ T cells expressing IFNγ, CCL4 and/or TNFα with or without CD107a ([Fig. 3C](#f0003){ref-type="fig"}). Immune responses against the other vaccination epitopes gp100:154 and tyrosinase were similarly dominated by monofunctional, CD107a expressing cells ([Fig. 3D](#f0003){ref-type="fig"}). CD8^+^ T cells specific for tyrosinase appeared to show enhanced fractions of multifunctional T cells when compared to cells specific for the gp100 epitopes.

To investigate whether the tested melanoma patients were generally able to generate potent functional responses, CD8^+^ T cells were stimulated with Staphylococcal enterotoxin B (SEB). SEB crosslinks MHC molecules and T cell receptor complexes (TCR) leading to strong activation of T cells with various specificities. SEB-specific responses could be detected in all analyzed patients and multifunctional T cells dominated these responses ([Fig. 3C, D](#f0003){ref-type="fig"}).

In summary, in metastatic melanoma patients, despite intact CD8^+^ T cell responses to SEB, only low numbers of multifunctional tumor-specific CD8^+^ T cells could be detected after one cycle of DC vaccination.

Dendritic cell-vaccination therapy improves CD8^+^ T cell functionality {#s0002-0003}
-----------------------------------------------------------------------

Next, we explored whether naturally induced multifunctional CD8^+^ T cells were present already before DC vaccination and if DC vaccination was able to boost the functionality of these cells. Interestingly, we identified naturally occurring tumor-specific T cell responses in various patients with magnitudes of up to 2.7% responding CD8^+^ T cells ([Fig. 4](#f0004){ref-type="fig"}). In general, CD107a-expressing CD8^+^ T cells dominated the spontaneously induced antitumor immune response and most cells were monofunctional. Figure 4.The functional CD8^+^ T cell response before DC vaccination was dominated by monofunctional cells. (A) Naturally occurring tumor-specific CD8^+^ T cell responses above detection threshold were detected for all tested peptides. (B) The relative contribution of each functional marker to the total response was similar to after one cycle of DC vaccination. Most tumor-specific CD8^+^ T cells expressed CD107a. Only few cells expressed IL-2. Lines indicate the median. (C) Combinational analysis of expressed markers revealed mainly monofunctional tumor-specific CD8^+^ T responses. SEB-specific CD8^+^ T cells in contrast displayed high fractions of T cells with three and more functions similar to the time point after one cycle of DC vaccination.

To analyze whether the functionality of these pre-existing T cell responses could be generally increased by DC vaccination, we matched each pre-vaccination response with the first post-vaccination response. For three patients we could not detect a tumor-specific CD8^+^ T cell response after one cycle of DC vaccination, despite the presence of such a response before vaccination. In these cases we analyzed peripheral blood mononuclear cells (PBMCs) at a later time point and could identify tumor-specific CD8^+^ T cell responses directly after the third cycle of vaccination. Interestingly, whereas no apparent change in the total frequency of responding CD8^+^ T cells could be detected ([Fig. 5A](#f0005){ref-type="fig"}), we could measure an increase in CD8^+^ T cell functionality after vaccination ([Fig. 5B](#f0005){ref-type="fig"}). Tumor-specific CD8^+^ T cell responses at 1 or 3 cycles of DC vaccination showed a significant increase in the fraction of multifunctional T cells. Consequently, the relative contribution of monofunctional CD8^+^ T cells to the overall tumor-specific T cell response declined. Figure 5.DC vaccination improved the functionality of pre-existing, tumor-specific CD8^+^ T cell responses. The functionality of tumor-specific CD8^+^ T cells was measured before and at the first available time point after DC vaccination. (A) Shown is the development of the frequency of responding CD8^+^ T cells during the course of DC therapy. No significant trend could be observed. (B) The fraction of multifunctional CD8^+^ T cells increased during DC vaccination therapy whereas the contribution of monofunctional T cells to the tumor-specific CD8^+^ T cell response declined. (n = 10, Wilcoxon matched-pairs signed rank test, samples after 1 and 3 cycles of DC vaccination are analyzed together as one "after vaccination" time point).

These data, thus, demonstrate that DC-based immunotherapy was able to enhance the functionality of pre-existing CD8^+^ T cells in the analyzed patient cohort.

Highly functional tumor-specific CD8^+^ T cells are enriched in long-term tumor controllers {#s0002-0004}
-------------------------------------------------------------------------------------------

Next we investigated the generation of multifunctional CD8^+^ T cells in relation to patient survival. Interestingly, we found that after one cycle of dendritic cell vaccination tumor-specific, highly functional CD8^+^ T cell responses were only present in patients with overall survival above or equal to the median of analyzed patients (29 mo) ([Fig. 6A](#f0006){ref-type="fig"}). Monofunctional CD8^+^ T cell responses, in contrast, were detected in all patients. The highest magnitude of responding CD8^+^ T cells (frequency of total responding CD8^+^ T cells) was found in patients with above median overall survival, but strong responses could also be observed in patients with overall survival below median ([Fig. 6B](#f0006){ref-type="fig"}). Figure 6.Highly functional CD8^+^ T cell responses preferentially appeared in patients with prolonged survival. (A) Shown is the percentage of multifunctional T cells within the tumor-specific CD8^+^ T cell responses detected after one cycle of DC vaccination. High fractions of multifunctional T cells only appeared in responses of patients with above median overall survival. (B) Depicted is the total frequency of responding, tumor-specific CD8^+^ T cells after one cycle of DC vaccination. The strongest responses were observed in patients with prolonged survival but also patients with below median survival displayed high frequencies of responding CD8^+^ T cells. The dotted line indicates the cut-off value for positivity of 0.2% specifically responding cells. (C) Shown is the percentage of multifunctional T cells within the tumor-specific CD8^+^ T cell responses detected after any cycle of DC vaccination including follow up. Highly functional T cell responses preferentially appeared in patients with prolonged overall survival. Multiple bars for the same patient represent responses to different tumor antigens (A and B) and/or at different time points (C). (D, E, F) To account for responses against multiple tested antigens by the same individual, for each patient only the one response with the highest fraction of multifunctional T cells is shown. Highly functional T cell responses preferentially developed in patients with prolonged survival whereas there is no difference in the SEB-specific response.

We previously recognized that some patients only develop detectable CD8^+^ T cell responses after several cycles of DC vaccination. For this reason, we decided to extend our analysis to time points beyond one cycle of DC vaccination if material was available. We observed that patients without detectable T cell response after one cycle of DC vaccination could develop such a response after two or three cycles. Interestingly, over the entire observation period highly multifunctional T cell responses were almost exclusively observed in patients with overall survival above median ([Fig. 6C](#f0006){ref-type="fig"}).

To account for responses against multiple tested antigens by the same individual, we then compared for each patient only the one response with the highest fraction of multifunctional T cells. After one cycle of vaccination high fractions of tumor-specific, multifunctional T cells only appeared in patients with prolonged survival ([Fig. 6E](#f0006){ref-type="fig"}) and over the entire observation period we could observe a trend toward enrichment of highly multifunctional T cells in patients with prolonged survival ([Fig. 6F](#f0006){ref-type="fig"}). Before vaccination, highly multifunctional CD8^+^ T cells were absent in most patients with the exception of one patient with above median overall survival ([Fig. 6D](#f0006){ref-type="fig"}). Interestingly, we could not observe such a trend for the SEB-induced responses, which contained high fractions of multifunctional T cells in all patients and at all time points.

Together, our data indicate that highly multifunctional tumor-specific CD8^+^ T cells appear predominantly in patients with above median overall survival, whereas poorly functional responses are observed in patients of both survival groups.

Multifunctional T cells show enhanced effector function as compared to monofunctional T cells {#s0002-0005}
---------------------------------------------------------------------------------------------

We assessed whether multifunctional T cells display enhanced effector functions. For this purpose, the median fluorescence intensity (MFI) of a set of detected CD8^+^ T cell responses was measured to estimate the relative cytokine expression by multifunctional versus monofunctional CD8^+^ T cells. Strikingly, in multifunctional CD8^+^ T cells the median expression of IFNγ and TNFα was four and five times higher, respectively, demonstrating significantly increased effector function ([Fig. 7](#f0007){ref-type="fig"}). In the few cases where multifunctional CD8^+^ T cells expressed IL-2, we could likewise see a strong increase in the MFI of these cells as compared to monofunctional cells. Figure 7.Multifunctional CD8^+^ T cells displayed elevated effector functions compared to monofunctional cells. The median fluorescence intensity of CD8^+^ T cells expressing three or more functions (3+) relative to CD8^+^ T cells expressing one function was analyzed. T cells expressing 3+ functions showed increased relative expression of IL-2, IFNγ and TNFα. (\*\*\* *P* ≤ 0.001, \*\* *P* ≤ 0.01, \* *P* ≤ 0.05, Wilcoxon Signed Rank Test, IFNγ: n = 10, TNFα: n = 9; IL-2: n = 6).

Though rare in numbers, tumor-specific multifunctional CD8^+^ T cells with enhanced effector functions might thus be able to contribute significantly to the anticancer immune response.

Persistence of multifunctional CD8^+^ T cells in long-term tumor controllers {#s0002-0006}
----------------------------------------------------------------------------

To analyze the dynamics of multifunctional T cells and their persistence in melanoma patients, we decided to follow four individuals during the entire course of their disease.

We could repeatedly detect multifunctional T cell responses in these patients over a time period of up to 128 mo ([Fig. 8](#f0008){ref-type="fig"}). Importantly, after the last cycle of vaccination, induced multifunctional CD8^+^ T cell responses persisted for several years, indicating the induction of long-lasting memory responses. In three of the four patients followed the highest fraction of multifunctional T cells was detectable in follow-up samples taken at later time points in life (up to 106 mo after the last cycle of DC vaccination). Figure 8.Multifunctional, tumor-specific CD8^+^ T cells persist for several years. Patients with satisfactory sample availability were followed during the course of their disease. Dotted lines indicate the frequency of responding, tumor-specific CD8^+^ T cells (right y-axis) and filled lines indicate the percentage of multifunctional T cells within these responses (left y-axis). Blue lines indicate the last administration of DC vaccination therapy. Orange lines indicate the time point of disease progression, red lines indicate the death of the patient. The functionality of DC vaccination-induced CD8^+^ T cell responses increased for most patients during the period of vaccination and remained steady afterwards. The functionality of T cell responses against different tumor antigens within the same patients developed differently. Induced multifunctional T cells persisted in some cases for more than 100 mo after last administration of DC vaccination.

T cell functionality appeared to be regulated on an antigen- or epitope-level as the fraction of multifunctional T cells developed differently for gp100:154 and gp100:280-specific T cells in patients VI-B-01 and I-C-04. Furthermore, the functionality of vaccine-induced CD8^+^ T cells developed independently from the SEB-induced CD8^+^ T cell responses (Fig. S2) and analysis of all samples with CD8^+^ T cell responses against more than one tumor peptide revealed that in most cases the functionality differed between antigens (Fig. S3). Furthermore, the fraction of multifunctional T cells developed independently from the magnitude of the T cell response and high fractions of multifunctional CD8^+^ T cells could be detected in responses of high and low magnitude ([Fig. 8](#f0008){ref-type="fig"}). To investigate whether the antigen-specific reduction of functionality was depending on TCR affinity or intrinsic defects in effector functions, selected samples with high numbers of Tetramer^+^ T cells were stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycine (Iono) activating the TCR signaling cascade downstream of the TCR resulting in a strong avidity-independent stimulation. Despite TCR-independent stimulation, we observed a reduction in tetramer signal, although less pronounced as upon TCR-specific stimulation (Fig. S4A). Whereas the frequency of responding cells did not differ between total CD8^+^ and Tetramer^+^CD8^+^ T cells (Fig. S4B), functionality and functional composition did (Fig. S4C, D). We observed a total lack of IL-2 production in Tetramer^+^CD8^+^ T cells but not total CD8^+^ T cells stimulated with SEB or PMA/Iono. Likewise, peptide stimulated CD8^+^ T cells were not able to secrete IL-2. Furthermore, the functionality of Tetramer^+^CD8^+^ T cells as compared to total CD8^+^ T cells stimulated with PMA/Iono was reduced in all tested samples. Moreover, in two of the three samples CD8^+^ T cells stimulated with TAA-peptide showed further reduced functionality.

These data demonstrate that induced multifunctional CD8^+^ T cells are persisting for several years and that within the same patient the multifunctionality of CD8^+^ T cells appears to develop differently for each tested tumor antigens.

Discussion {#s0003}
==========

Despite their established role in anticancer immunity, high frequencies of tumor-specific T cells in melanoma patients as measured by multimer-staining or IFNγ secretion have not been shown to guarantee tumor regression or survival benefit.[@cit0004] A study by Weide *et al.* demonstrated a positive correlation between naturally occurring tumor-specific T cells in melanoma, as measured by secretion of one out of six cytokines.[@cit0004] However, that study focused on monofunctional CD8^+^ T cells without an in-depth analysis of the combinatorial secretion of cytokines. Interestingly, studies on HIV, a disease with similar dissonance between T cell frequency and clinical outcome, identified CD8^+^ T cells exhibiting multiple functions as a prognostic biomarker.[@cit0009] Here, we show that naturally occurring tumor-specific T cells in end-stage melanoma patients were predominantly monofunctional. Subsequent DC vaccination enhanced their functionality and induced multifunctional CD8^+^ T cells that persisted for up to 10 years. These results indicate a long-lasting memory protection, which is in line with our finding that high levels of multifunctional CD8^+^ T cells are enriched in patients with above median survival.

Especially this latter finding suggests an important role for multifunctional T cells in antitumor immunity. Distinct mechanisms may explain the extended tumor control: first, the concerted action of several anticancer functions allows a more comprehensive attack on the tumor. IFNγ and TNFα were shown to synergistically mediate cytotoxicity, and indeed, most long-term tumor controllers showed increased fractions of IFNγ^+^TNFα^+^CD107a^+^ CD8^+^ T cells.[@cit0014] Alternatively, highly functional T cells as major producers of IFNγ and TNFα ([Fig. 7](#f0007){ref-type="fig"}) may boost local effector cell production. According to the "spark"-theory, vaccine-induced T cells might generate local conditions that favor *in vivo* priming of antitumor T cells, which in turn reject the tumor.[@cit0019] In this respect, potent production of T~H~1 cytokines by vaccine-induced T cells might be more important than cytolytic activity.[@cit0012] Furthermore, as the analysis of the MFI indicated, multifunctional T cells produce disproportionally high concentrations of effector cytokines, which could partly compensate for their low numbers. Despite their relatively low frequency, highly functional T cells thus appear to be a pivotal population of CD8^+^ T cells equipped with strong effector functions.

In this study, the majority of tumor-specific monofunctional CD8^+^ T cells displayed a CD107a^+^ phenotype and overall CD107a was the most abundantly expressed molecule. In contrast, antigen-specific CD8^+^ T cell responses in HIV patients, as measured by other groups, were dominated by CCL4 expression and in blood of HIV progressing patients high fractions of monofunctional CCL4^+^ CD8^+^ T cells were observed.[@cit0009] However, high frequencies of CCL4^+^ monofunctional tumor-specific CD8^+^ T cells were absent in this study. As CCL4-binding to the CCR5 receptor can inhibit viral entry, production of CCL4 is likely one of the most important effector functions in HIV.[@cit0022] In melanoma this mechanism does not play a role and cytotoxicity is more important hence CD107a expression. The expression of effector functions by antigen-specific CD8^+^ T cells can differ between diseases and adapt to generate the most effective CD8^+^ T cell response for a particular threat as previously shown for CD4^+^ T cells.[@cit0026]

Strikingly, we found that DC vaccination enhances the functionality of pre-existing tumor-specific CD8^+^ T cell responses. As this effect was restricted to a limited number of patients further improvements of the treatment regiment are necessary. Studies suggest that repeated, but limited exposure to high levels of antigen are important to maintain highly functional CD4^+^ T cells.[@cit0015] In this respect, earlier and continued administration of booster vaccines, as practiced by some groups, might be beneficial for the persistent maintenance of multifunctional T cells. Our findings, that some patients only developed detectable T cell responses after two or three cycles of DC vaccination might further support this theory. Unfortunately, longitudinal analysis in our study was hampered by the limited number of patients with sufficient material available at all time points, making it difficult to deduce further trends or common dynamic patterns from these data.

Interestingly, the fraction of multifunctional T cells differed between the employed vaccination antigens in the same patient. Patient VI-B-01, for instance, developed strong CD8^+^ T cell responses against both the gp100:154 and the gp100:280 peptide with more than 3% and 2% responding CD8^+^ T cells, respectively. Nevertheless, the CD8^+^ T cell response against the gp100:154 peptide developed highly multifunctional T cells already after two cycles of vaccination, the response against gp100:280 in contrast remained monofunctional until late after the third cycle of vaccination. Similarly, the functionality of the gp100:154 and gp100:280 response in patient I-C-04 was unlinked. Furthermore, our data indicate differences in the functional composition of the CD8^+^ T cell responses against different antigens. Together, these results indicate that the fraction of multifunctional CD8^+^ T cells might be regulated on the clonal or antigen level. Several possible reasons come into account for this observation: dendritic cells are pulsed separately with the different peptides before injection into the patients and there could be differences in the expression of immunomodulatory factors. As all DCs were activated together, it is however more likely that differences in the T cell repertoire of the melanoma patients might be causative for the observed differences. The presence or absence of high avidity T cell clones before vaccination for example could be responsible for differences in functionality and Harari et al. showed that low-avidity clones are more multifunctional than high-avidity clones.[@cit0027] Our data indicate that impaired signaling via the TCR -- e.g. due to sub-optimal avidity between TCR and MHC:peptide complex -- could be in part responsible for the reduced functionality observed in some patients. Stimulation of CD8^+^ T cells with PMA/Iono restored secretion of IFNγ, TNFα or CD107a, which was reduced when CD8^+^ T cells were stimulated with the relevant peptide. Furthermore, a recent study by Chiu et al. describes the influence of the antigen-concentration on the ability of T cells to perform multiple effector functions simultaneously.[@cit0029] Despite the apparent influence of TCR signaling on CD8^+^ T cell functionality, we could observe a lack of IL-2 production by tumor-specific CD8^+^ T cells, which was independent of direct TCR engagement. Tetramer-specific CD8^+^ T cells activated with SEB or PMA/Iono as well as tumor peptide-stimulated CD8^+^ T cells were unable to secrete IL-2, whereas SEB- or PMA/Iono-stimulated total CD8^+^ T cells produced high amounts of this T cell growth factor. These results indicate an intrinsic defect of the analyzed tumor-specific CD8^+^ T cells to produce IL-2 independent of suboptimal TCR avidity and possibly due to a (terminal) differentiation or exhaustion state.[@cit0015] Finally, selective induction of tolerance or exhaustion via e.g. regulatory T cells or myeloid-derived suppressor cells could account for the observed differences in functionality. Myeloid-derived suppressor cells, for example, are equipped with a variety of mechanism to suppress CD8^+^ T cells in an antigen-specific and non-specific way, e.g. via altering the specificity of TCRs by nitration of tyrosine residues.[@cit0031]

The five reported markers of functionality described here are likely not the only mediators of tumor control, could, however, represent surrogate markers for a complex and successful antitumor immune response. In a recent study, Ulloa-Montoya et al., employing an unbiased gene-expression analysis approach, came to similar conclusions and showed that the activation of interferon (IFN)-stimulated genes, specific chemokine genes (including CCL4), and the activation of immune effector function genes (cytotoxic pathways) is characteristic for regressing metastatic melanoma lesions after immunotherapy.[@cit0034]

Our data show that highly functional CD8^+^ T cells primarily appear in patients with extended overall survival. After one cycle of DC vaccination, high fractions of multifunctional T cells were only observed in patients with above median survival. When extending the analysis to time points after two and three cycles of vaccination similar results could be observed. Markedly, of the below-median survivors only patient VI-B-01 developed highly functional CD8^+^ T cell responses in this extended analysis. However, with 22 mo VI-B-01 displayed already prolonged overall survival compared to metastatic melanoma patients treated with e.g. chemotherapy. Although the retrospective study design and low patient numbers do not allow conclusive data on the causal relation it is tempting to speculate that multifunctional CD8^+^ T cells contribute to improved overall survival. Standardized studies, with large, diversified patient cohorts and fixed time points are needed to extend our findings and validate T cell functionality for routine immunomonitoring. Testing the five reported features is feasible with routine laboratory techniques allowing quick translation to local laboratories.

To summarize, in this study we could observe multifunctional, tumor-specific CD8^+^ T cell responses in metastatic melanoma patients that were preferably detected in individuals with extended overall survival. Furthermore, we showed that DC vaccination is able to improve CD8^+^ T cell functionality generating long-lasting, multifunctional CD8^+^ T cell responses.

Methods {#s0004}
=======

Patients {#s0004-0001}
--------

PBMCs or peripheral blood lymphocytes (PBLs) were collected from melanoma patients with loco regional resectable disease (stage III) as well as irresectable loco regional or distant metastatic disease (stage IV) at different time points during the course of their disease (n = 19) ([Table 1](#t0001){ref-type="table"} and Table S1 for patient details). All patients underwent immunotherapy in our department as described in the original studies and indicated in Table S1.[@cit0035] In short, patients underwent leukapheresis and either myeloid DCs or monocytes were isolated and the latter were differentiated to monocyte-derived DCs by incubating with IL-4 and GM-CSF. Subsequently, DCs were activated and loaded with antigen either by pulsing with gp100- or tyrosinase-derived peptides or by electroporation with TAA-coding mRNA (gp100, tyrosinase full protein). Finally, the prepared DC vaccination was administered to patients intravenously, intradermally or intranodally three times following a biweekly injection schedule. Patients were confirmed to be HLA\*02:01 and, in some cases, HLA-DR4 positive and World Health Organization performance status 0 or 1. Primary tumors or metastases were tested for tumor-associated antigen expression (gp100 and tyrosinase). The original studies were approved by the Regional Institutional Review Board and patients signed informed consent.

Sample acquisition {#s0004-0002}
------------------

Various amounts of whole blood were obtained by venipuncture or leukapheresis using vacutainer collection tubes at the time points indicated in ([Fig. 1](#f0001){ref-type="fig"}). In order to achieve processing within 6 h, vacutainer tubes were transported within the Radboudumc at room temperature to the Department of Tumor Immunology. PBMCs were isolated via gradient centrifugation using Lymphoprep (Axis-Shield) following the manufacturer\'s instructions. Cells were frozen in *Xvivo* 15 (Lonza) supplemented with 40% Albuman 200 g/L (Sanquin) and 10% CryoSure-DMSO (WAK Chemie Medical GMBH) in Cryo.S vials (greiner bio-one) at 10 to 100 × 10^6^ cells per vial using Cryo 1°C Freezing Container (NALGENE) following the manufacturer\'s instructions. The freezing container was placed at −80°C, and vials were transferred into the vapor phase of liquid nitrogen after about 72 h for long-term storage.

For intracellular cytokine secretion testing, 1 to 2 vials per sample with varying cell numbers depending on experimental setup and availability were thawed. In case of several time points measured for a single patient, we attempted to include all samples in one experiment which was however not always possible.

T cell stimulation and staining {#s0004-0003}
-------------------------------

Cryopreserved PBMCs and PBLs were thawed, washed, and suspended at concentrations between 2 and 5·10^6^ cells/mL in Iscove\'s Modified Dulbecco\'s Medium (IMDM) (Gibco) supplemented with 10% human serum (Sigma Aldrich, H1513), antibiotic-antimycotic (Gibco), and Alexa700- or APC-labeled anti-CD107a (H4A3, BD PharMingen, 5 μL). The serum lot was not pretested for performance. T cells were stimulated using CD28/49c coated beads (BD Bioscience), either alone or in combination with 1 μg/mL Staphylococcus enterotoxin B (Sigma Aldrich), PMA/Ionomycin (50 ng/mL, 1 μg/mL or 10 ng/ml, 0.5 g/mL) or 10 μg/mL peptide gp100~154--167~, gp100~280--288~ and wild-type tyrosinase~369--376~. Peptides were generated in our research facility according to GMP standards. Brefeldine A (Sigma Aldrich, 10 μg/mL) and Monensine (eBioscience, 1:1000 \[2 μM\]) were added and cells were incubated for at least 5.5 h but not more than 6 h at 37°C and 5% CO~2~.

After incubation, T cells were washed 3x with PBS and dead cells were stained using LIVE/DEAD Fixable Far Red Dead Cell Stain Kit (Life Technologies, 1:2000 in PBS, 100 μL) or Fixable Viability Dye eFluor® 780 (eBioscience, 1:2000 in PBS, 100 μL) on ice for 30 min. Cells were washed 2x with PBS and 1x with PBS supplemented with 1% bovine serum albumin and 0,05% NaN~3~ (PBA). T cells were stained for surface marker expression in 50 μL PBA supplemented with APC-Cy7- or PE-Cy7-labeled anti-CD4^+^ (RPA-T4, BD PharMingen, 1:200; SK3, eBioscience, 1:500) and PE-CF594- or BV510-conjugated anti-CD8^+^ (RPA-T8, BD Horizon, 1:200; 1:16) at 4°C for 10 min. In some cases ([Table 1](#t0001){ref-type="table"}), cells were also stained with APC-labeled tetrameric MHC complexes containing the gp100~154--167~, gp100~280--288~, or tyrosinase~369--376~ peptide (Sanquin). Several samples treated only with co-stimulatory beads, were incubated with HIV~77--85~-HLA-A2.1-tetramers specific for the irrelevant HIV-peptide (SLYNTVATL) or CEA-peptide (YLSGANLNL) to account for background staining.

Subsequently, the cells were 2x washed using PBA and then PBS, and fixed using PBS supplemented with 4% paraformaldehyde (Merck) for 4 min on ice. After that, cells were permeabilized by washing 2x with 0.5% Saponin-supplemented PBA (Riedel-de Haën). The cells were stained for cytokines in 50 μL PBA supplemented with 0.5% Saponin and PerCP-Cy5.5- or BV421-conjugated anti-IFNγ (B27, BD PharMingen, 1:10; 1:10), PE-labeled anti-IL-2 (MQ1--17H12, eBioscience, 1:100), FITC-labeled anti-CCL4 (24006, R&D systems, 1:5) and PE-Cy7- or PerCP-Cy5.5-labled anti-TNFα (MAb11, eBioscience, 1:100; 1:10) at 4°C for 30 min. Cells were washed 2x using PBA supplemented with 0.5% Saponin and PBA. Finally, cells were resuspended in PBA, kept at 4°C and measured within 2 h after staining.

Flow cytometry and gating strategy {#s0004-0004}
----------------------------------

Fluorescence was acquired using a CyAn ADP Analyzer (Beckman Coulter), a FACSVerse or a FACSAria (both Becton Dickinson) and analyzed with FlowJo software (Tree Star). For SEB- and peptide-stimulated samples at least 10,000 and 25,000 viable CD8^+^ T cells were recorded. For each patient and time point 1 to 4 samples treated only with co-stimulatory beads were analyzed and at least 18,000 viable CD8^+^ T cells were recorded for each replicate sample. Compensation was calculated using single stained samples. Using forward and sideward scatter (FSC, SSC) we first gated on the lymphocyte population. Subsequently, single cells were selected plotting FSC area against pulse width or SSC area against SSC width and subsequently FSC area against FSC height. Living, CD4^−^ lymphocytes were selected by plotting APC-Cy7 against CD8^+^ and gating on APC-Cy7^−^ cells ([Fig. 2A](#f0002){ref-type="fig"}). Finally, we selected CD8^+^ cells by plotting CD8^+^ against tetramers. Since the tetramer signal vanished in samples with strong cytokine-secretion, tetramer-positivity was not taken into account (Fig. S1). Alternatively, live, CD8^+^CD4^−^ T cells were selected by first gating on APC-Cy7^−^ cells and later on CD4^−^, CD8^+^ cells. Cytokine-secretion was determined using single gates defined for the CD8^+^ lymphocyte population. To analyze the functional diversity of CD8^+^ T cells combination gates were created using the built-in Boolean gating algorithm of FlowJo. To account for unspecific activation, samples were background subtracted using the average values of 1 to 4 corresponding replicate samples stimulated only with co-stimulatory beads. To account for the different magnitude of total vaccine- and SEB-specific CD8^+^ T cell responses, the frequencies of cytokine combinations were normalized and given as the percentage of total vaccine- or SEB-specific response. For this purpose the frequency of CD8^+^ T cells expressing a particular functional combination was divided by the total frequency of responding CD8^+^ T cells in that sample. Positive reactivity to an experimental antigen was defined as 0.2% of responding CD8^+^ T cells after background-subtraction corresponding to 90% of CD28/CD49d-stimulated samples being below this threshold. Responses were not considered positive if the antigen-specific reactivity level was below this threshold. Raw data can be provided upon request.

Data analysis and statistics {#s0004-0005}
----------------------------

Analysis and presentation of distributions was performed using SPICE version 5.3 (downloaded from <http://exon.niaid.nih.gov>),[@cit0039] and PRISM for windows version 5.03 (GraphPad). For statistical analysis, the Wilcoxon matched-pairs test (all PRISM) was used to compare matched groups and the Wilcoxon signed rank test was used when comparing groups and constant values.

General lab operation {#s0004-0006}
---------------------

These studies were conducted in a laboratory that operates under exploratory research principles. The study was performed using established laboratory protocols.
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